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Description 



BACKGROUND OF THE INVENTION 



5 



Field of the Invention 



[0001] The present invention relates to an optical fiber for transmitting light, and a method of making the same. 



Related Background Art 

10 

[0002] In the transmission of light using an optical fiber, the transmission loss (Rayleigh scattering loss) caused by 
Rayleigh scattering within the optical fiber becomes problematic. For this problem, an optical fiber which can reduce 
the Rayleigh scattering loss or a method of mal<lng the same has been proposed. 

[0003] For example, "Sal<aguchi, the Transactions of the institute of Electronics, tnfomiation and Communication 
15 Engineers, 2000/1 , Vol. J83-C. No. 1 . pp. 30-36", discloses that the Rayleigh scattering loss in an optical fiber can be 
reduced by annealing the optical fiber after drawing. Namely, the Rayleigh scattering intensity within glass is not con- 
stantly fixed by materials thereof, but depends on a fictive temperature Tf which is a virtual temperature Indicative of 
the randomness in the state of arrangement of atoms within glass. Specifically, the Rayleigh scattering intensity in- 
creases as the fictive temperature Tf within glass is higher (randomness is greater). 
20 [0004] In this regard, when drawing an optical fiber preform upon heating, a heating fumace is installed downstream 
a drawing furnace and Is heated such that the drawn optical fiberfalls within a predetemiined temperature range when 
passing through the heating furnace. As a consequence, the heating by use of the heating fumace prevents the drawn 
optical fiber from cooling drastically, whereby the optical fiber is annealed. Here, due to the structural relaxation of 
glass caused by rean-angement of atoms, the fictive temperature Tf within the optical fiber decreases, whereby the 
25 Rayleigh scattering intensity within the optical fiber is suppressed. 

[0005] On the other hand. "K. Tajima. NTT REVIEW. Vol. 1 0. No. 6, pp. 1 09-1 1 3 (1 998)", discloses that the Rayleigh 
scattering intensity is similarly suppressed by drawing at a low temperature. 

SUMMARY OF THE INVENTION 



[0008] However, conventionally proposed manufacturing methods which are effective in lowering Rayleigh scattering 
loss, such as the above-mentioned manufacturing method having an annealing process using a heating furnace, and 
the like are not considered to fully realize the reduction of transmission loss in the optical fiber. In particular, there has 
been a problem that even optical fibers prepared by the same manufacturing method yield a case where the transmis- 
35 sion loss reducing effect is obtained and a case where the transmission toss is hardly reduced or increases to the 
contrary, whereby the transmission loss reducing effect cannot be obtained reliably. 

[0007] The inventor repeated diligent studies concerning causes for the unreliability of reduction In transmission loss 
mentioned above and the like; and. as a result, has found that, even when the same manufacturing method capable 
of reducing the Rayleigh scattering loss is used, the resulting effect of reducing the transmission loss greatly varies 

40 depending on the configuration of the optical fiber or optrcal fiber prefomn to which the manufacturing method Is applied. 
[0008] In view of the foregoing problems, it Is an object of the present invention to provide an optical fiber which can 
reliably reduce the transmission loss caused by Rayleigh scattering loss and the like, and a method of making the same. 
[0009] In order to achieve such an object, the first optical fiber in accordance with the present invention comprises 
a core region, and a cladding region disposed at an outer periphery of the core region, wherein the core average 

45 viscosity Tio at a cross section within the core region and the total average viscosity T|t at a total cross section combining 
the core region and cladding region together have a viscosity ratio Rt| = y\f/r\^ of 2.5 or less, and wherein the optical 
fiber has a Rayleigh scattering loss which is 95% or less of a predetermined reference value. 

[0010] In the above-mentioned optical fiber, a manufacturing method effective in reducing the Rayleigh scattering 
loss such as the manufacturing method with annealing Is used, or an optical fiber material adapted to lower the Rayleigh 
50 scattering loss is chosen, for example, whereby the Rayleigh scattering loss Is reduced by at least 5% from a reference 
value indicative of the Rayleigh scattering loss in a conventional optical fiber, so as to become a value not higher than 
95%. Further, the core region and cladding region of the optteal fiber are configured such that the viscosity ratio Ri) of 
the core to the total becomes 2.5 or less (Rn ^ 2.5). 

[001 1 ] When the viscosity ratio Rri Is under such a condition, transmission loss components such as structural asym- 
55 metry loss other than the Rayleigh scattering loss can be reduced together with the Rayleigh scattering loss. Therefore, 
such a configuration of optical fiber can realize an optical fiber which can reliably reduce the transmission loss as a 
whole. 

[0012] The above-mentioned optical fiber can be made by various manufacturing methods. As a specific manufac- 
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taring method thereof, a first method of making an optical fiber in accordance with the present invention comprises the 
steps of preparing an optical fiber preform comprising a core region and a cladding region provided at an outer periphery 
of the core region, in which the core average viscosity r\Q at a cross section within the core region and the total average 
viscosity at a total cross section combining the core region and cladding region together have a viscosity ratio Rr\ 
5 = T^gA^t of 2.5 or less; and. when drawing the optical fiber preform upon heating, causing a heating fumace disposed 
downstream a drawing fumace to heat an optical fiber drawn by the drawing fumace such that the optical fiber attains 
a temperature within a predetermined temperature range. 

[0013] When the optical fiber is thus annealed by use of the heating furnace disposed downstream the drawing 
furnace when drawing the optical fiber prefomn upon heating, the fictive temperature Tf within the optical fiber can be 
10 lowered as mentioned above, whereby the Rayleigh scattering loss can be reduced. Also, using an optical fiber preform 
satisfying the above-mentioned condition conceming the viscosity ratio Rii reduces the transmission loss component 
such as structural asymmetry loss occurring in the optical fiber upon drawing or annealing at the same time, thereby 
making it possible to yield a manufacturing method which reliably yields an effect of reducing transmission loss as a 
whole. 

15 [0014] When a resin coating section for coating the drawn optical fiber with a resin exists in the above-mentioned 
method of making an optical fiber, the heating furnace disposed downstream the drawing furnace is preferably provided 
between the drawing fumace and the resin coating section. 

[0015] In not only the manufacturing method based on annealing with the heating fumace but also other manufac- 
turing methods effective in lowering the Rayleigh scattering loss, the effect of reducing the transmission loss as a whole 
so can reliably be obtained in a similar manner when an optical fiber or optical fiber prefomn with a viscosity ratio Rt^ < 
2.5 is used. 

[001 6] A second optical fiber in accordance with the present invention comprises a core region constituted by pure 
SiOg or Si02 doped with chlorine, and a cladding region disposed at an outer periphery of the core region, wherein the 
cladding region is doped with fluorine so as to yield an average relative refractive index difference An^ satisfying the 
25 condition of 

An^^ -0.26% when the relative refractive index difference in each part is defined as being expressed in temis of 
% with reference to the refractive index in pure Si02; and wherein the optical fiber exhibits a Rayleigh scattering co- 
efficient A of 0,81 dB/km-pm* or less, or a transmission loss a, qo ^-^^ dB/km or less at a wavelength of 1 .00 \xm. 
[0017] In an optical fiber (optical fiber prefonm) having a core made of pure SiOa (pure silica) or a core similar thereto, 
so the viscosity of the core region becomes higher than that in the cladding region doped with F or the like. Therefore, 
the stress generated within the optical fiber due to the tension at the time of drawing the optical fiber prefomn is con- 
centrated into the core. Here, the dependence of transmission loss upon tension in thus obtained optical fiber becomes 
greater, thereby causing the transmission loss to increase. 

[0018] In the above-mentioned optical fiber, the core region is made of pure Si02, whereas the cladding region is 
35 configured such that the whole or part of the cladding region is doped with F (fluorine) by an amount within the range 
satisfying A/)^> -0.26%. By employing such a configuration, the optical fiber realizes the above-mentioned ranges of 
values, reduced from the reference values in the conventional optical fiber, conceming the Rayleigh scattering coeffi- 
cient A or transmission loss a^ oo^ transmission loss 0-1,55. 

[001 9] According to such a configuration of core and cladding regions, the upper limit of doping amount of F is given 
40 with respect to the cladding region, whereby the stress is dispersed Into the cladding region. Therefore, the stress is 
restrained from being concentrated into the core in the optical fiber having the pure SiOg core, whereby the dependence 
of transmission loss upon tension In thus obtained optical fiber can be reduced. As a consequence, transmission loss 
components such as structural asymmetry loss other than the Rayleigh scattering loss can be reduced together with 
the Rayleigh scattering loss. Therefore, such a configuration of optbal fiber realizes an optical fiber which can reliably 
<5 reduce the transmission loss as a whole. 

[0020] The reference values for Rayleigh scattering coefficient A and transmission loss 00 values of about 
0.85 dB/km-nm^ and 0.86 dB/km. respectively, in an optical fiber having a pure SlOg core (or a Cl-doped SiOg core 
similar to the pure SiOg core) obtained with a conventional configuration by a conventional manufacturing method. By 
contrast, the optical fiber having the configuration in accordance with the present invention attains the above-mentioned 
so ranges of values concerning the Rayleigh scauering coefficient A and transmission loss OO' ^^^^ reduced by at least 
about 5%. 

[0021] A second method of making an optical fiber in accordance with the present invention comprises the steps of 
preparing an optical fiber prefomn comprising a coreregion constituted by pure SiOg or Si02 doped with chlorine, and 
a cladding region provided at an outer periphery of the core region, wherein the cladding region is doped with fluorine 
55 so as to yield an average relative refractive index difference An^, satisfying the condition of 

An^^ -0.26% when the relative refractive index difference in each part is defined as being expressed in ternis of 
% with reference to the refractive Index in pure Si02; and. when drawing the optical fiber prefomn upon heating, causing 
a heat ing furnace disposed downstream a drawing furnace to heat an optical fiber drawn out of the drawing fumace 
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such that the optical fiber attains a temperature within a predetermined temperature range, so as to yield an optical 
fiber exhibiting a Rayleigh scattering coefficient A of 0.81 dB/km-p.m^ or less, or a transmission loss a^ oo of 0.82 dB/ 
km or less at a wavelength of 1 .00 jim. 

[0022] When the optical fiber is thus annealed by use of the heating furnace disposed downstream the drawing 
5 furnace when drawing the optical fiber prefomi upon heating, the fictive temperature Tf within the optical fiber can be 
lowered as mentioned above, whereby the Rayleigh scattering loss can be reduced. Also, using an optical fiber prefonn 
In which the core and cladding regions have the configurations mentioned above also reduces transmission loss com- 
ponents such as structural asymmetry loss occurring in the optical fiber upon drawing or annealing other than the 
Rayleigh scattering loss, thereby making it possible to yield a manufacturing method which reliably yields an effect of 
10 reducing transmission loss as a whole. 

[0023] When a resin coating section for coating the drawn optical fiber with a resin is used in the above-mentioned 
method of making an optical fiber, the heating furnace disposed downstream the drawing furnace is preferably provided 
between the drawing furnace and the resin coating section. 

[0024] In not only the manufacturing method based on annealing with the heating furnace but also other manufac- 
IS turing methods effective in lowering the Rayleigh scattering loss, the effect of reducing the transmission loss as a whole 
can reliably be obtained in a similar manner when an optical fiber or optical fiber preform configured as mentioned 

above is employed. 

[0025] Alternatively, the method of making an optica! fiber in accordance with the present invention comprises the 
steps of preparing an optical fiber preform comprising a core region constituted by pure Si02 or Si02 doped with 

20 chlorine, and a cladding region provided at the outer periphery of the core region, wherein the cladding region is doped 
with fluorine so as to yield an average relative refractive index difference An^. satisfying the condition of 

An^S -0.26% when the relative refractive index difference in each part is defined as being expressed in terms of 
% with reference to the refractive index in pure Si02: and, when drawing the optical fiber preform upon heating, drawing 
the optical fiber preform at a tension within the range of 0.05 to 0.20 N, so as to yield an optical fiber exhibiting a 

2S Rayleigh scattering coefficient A of 0.81 dB/km*^nt^ or less, or a transmission loss a^ oo of 0.82 dB/km or less at a 
wavelength of 1 .00 \im. 

[0026] While the optteal fiber preform (optical fiber) has a configuration restraining the stress from being concentrated 
into the core, tension control is effected such that the tension at the time of drawing is held within a preferable tension 
value range of 0.05 to 0.20 N, whereby an optical fiber having reduced the transmission loss can be obtained reliably. 
30 [0027] The present invention will be more fully understood from the detailed description given hereinbelow and the 
accompanying drawings, which are given by way of illustration only and are not to be considered as limiting the present 
invention. 

[0028] Further scope of applicability of the present invention will become apparent from the detailed description given 
hereinafter. However, it should be understood that the detailed description and specific examples, while indicating 
35 preferred embodiments of the invention, are given by way of illustration only, since various changes and modifications 
within the spirit and scope of the invention will be apparent to those skilled in the art from this detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

40 [0029] 

Fig. 1 is a diagram schematically showing an embodiment of a method of making an optical fiber and a drawing 
apparatus used in the making of the opttoal fiber; 

Fig. 2 is a view for explaining the viscosity ratio Ri^ in the first optical fiber; 
45 Fig. 3 is a chart showing the refractive index profile in a first example of the first optical fiber; 

Fig. 4 Is a chart showing the refractive index profile in a second example of the first optical fiber; 

Fig. 5 Is a chart showing the refractive index profile in a comparative example of the optical fiber; 

Fig. 6 is a graph showing the correlation between tension and residual stress in optical fibers; 

Fig. 7 is a chart showing the refractive index profile in a first embodiment of the second optical fiber; 
so Fig. 8 is a chart showing the refractive index profile in a second embodiment of the second optical fiber; and 

Fig. 9 is a chart showing the refractive index profile in a third embodiment of the second optical fiber. 

DESCRIPTION OF THE PREFERRED EMBODIf^ENTS 

55 [0030] In the following, preferred embodiments of the optical fiber and method of making the same in accordance 
with the present invention will be explained in detail with reference to the drawings. In the explanation of the drawings, 
constituents identical to each other will be referred to with numerals or letters identical to each other, without repeating 
their overiapping descriptions. Also, ratios of sizes in the drawings do not always coincide with those explained. 
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[0031] To begin with, the first optical fiber in accordance with the present Invention and the method of making the 
optical fiber will be explained. 

[0032] The drawing apparatus 1 shown in Fig. 1 is a drawing apparatus for drawing a silica glass type optical fiber, 
and has a drawing furnace 11 , a heating furnace 21 for annealing, and a resin curing unit 31 . The drawing furnace 11 . 
5 heating furnace 21 . and resin curing unit 31 are successively arranged in this order in the direction of drawing an optical 
fiber preform 2 (in the direction from the upper side to the lower side In Fig. 1 ). 

[0033] First, the optical fiber prefomn 2 held by a prefonm supply apparatus (not depicted) is supplied to the drawing 
furnace 11, the lower end of the optical fiber preform 2 is heated by a heater 12 within the drawing furnace 11 so as 
to soften, and an optical fiber 3 is drawn. An inert gas supply passage 15 from an inert gas supply unit 14 is connected 
10 to a muffle tube 13 of the drawing furnace 11 , whereby an inert gas atmosphere is attained within the muffle tube 13 
of the drawing furnace 11 . 

[0034] Here, the optical fiber prefomn 2 supplied from the preform supply apparatus is prepared such that the viscosity 
of each part within the optical fiber prefonm 2 constituted by a core region and a cladding region disposed at the outer 
periphery of the core region satisfies a predetermined condition. Namely, the optical fiber preform 2 Is prepared such 
15 that the viscosity ratio Rt| = T\^r[^ of the core average viscosity t|o at the cross section within the core region to the total 
average viscosity at the total cross section combining the core region and the cladding region together becomes 
2.5 or less (Rti < 2.5). 

[0035] The heated and drawn optical fiber 3 is drastically cooled to about 1 700°C by the inert gas within the muffle 
tube 13. Thereafter, the optical fiber 3 is taken out of the drawing furnace 11 from the lower part of the muffle tube 13, 
20 and is cooled with air between the drawing fumace 11 and the heating fumace 21 . As the inert gas, gas can be 
used, for example. The heat conduction coefficient X of gas (T = 300 K) is 26 mW/(m.K). The heat conduction 
coefficient X of air (T = 300 K) is 26 mW/(m.K). 

[0036] Subsequently, the air-cooled optical fiber 3 is fed to the heating furnace 21 for annealing disposed downstream 
the drawing furcace 11, and between the drawing furnace 11 and the resin curing unit 31. Then, a predetermined 
25 segment of the optical fiber 3 is heated so as to attain a temperature within a predetermined temperature range, and 
is annealed at a predetennined cooling rate. The heating furnace 21 has a muffle tube 23 through which the optical 
fiber 3 passes. Preferably, the muffle tube 23 is set so as to have a total length L2 (m) of 

L2 > V78 in the drawing direction of the optical fiber preform 2 (the vertical direction in Fig. 1). Here, V is the 
drawing rate (m/s). 

30 [0037] Preferably, the muffle tube 23 in the heating fumace 21 is set at a position where the temperature of the optical 
fiber 3 immediately before it enters the muffle tube 23 (entering temperature) falls within the range of 1 400*'C to 1 SOCC, 
and 

L1^0.2x Vis satisfied with respect to the drawing furnace 11 . Here, LI is the distance (m) from the lower end of 
the heater 1 2 of the drawing furnace 1 1 to the upper end of the muffle tube 23. whereas V is the drawing rate (m/s) . 
35 The temperature of the heater 22 in the heating furnace 21 is set such that the furnace center (part through which the 
optical fiber 3 passes) attains a temperature within the range of 1100*'C to 1600*'C. preferably 1200"'C to IGGO'C. 
1250'*C to 1500*»C in particular, more preferably 1300^C to 1500*'C. 

[0038] According to the above-mentioned settings of position and length of the heating furnace 21 (muffle tube 23), 
the heated and drawn optical fiber 3 is heated in the heating fumace 21 for annealing so as to attain a temperature 
40 within the range of IIOC^C to 1700*C, preferably 1200«C to 1700«»C. In particular, of the part attaining a temperature 
of 1 1 0O^^C to 1 700**C in the optical fiber 3, a segment where the optical fiber 3 yields a temperature difference of 50"C 
or greater, e.g., a part where the temperature of the optical fiber 3 ranges from 1250'C to 1500'C, more preferably 
from 1 300'C to 1 500*C (segment yielding a temperature difference of 200^C), is annealed at a cooling rate of 1 0OO'C/ 
second or less. 

45 [0039] When the furnace center is set to a temperature within the range of 1 1 00*'C to 1 600*»C, preferably 1 200°C to 
leOO^'C, a segment attaining a temperature difference of 50°C or greater in the part of heated and drawn optical fiber 
3 yieldirig a temperature of 11 OO'^C to 1 700*'C, preferably 1 200'*C to 1 700*»C, is annealed at a cooling rate of 1 000«»C/ 
second or less. 

[0040] An N2 gas supply passage 25 from an N2 gas supply unit 24 is connected to the muffle tube 23 of the heating 
50 furnace 21 , whereby an Ng gas atmosphere is attained within the muffle tube 23 of the heating fumace 21 . A gas having 
a relatively large molecular weight such as air or Ar and the like can also be used in place of N2 gas. When a carbon 
heater is used, however, it is necessary to use an inert gas. 

[0041] The outer diameter of the optical fiber 3 let out of the heating furnace 21 is measured online by an outer- 
diameter meter 41 acting as outer-diameter measuring means, and thus measured value is fed back to a driving motor 
55 43 for driving a drum 42 to rotate, whereby the outer diameter is controlled so as to become constant. The output signal 
from the outer-diameter meter 41 is fed to a control unit 44 acting as control means, where the rotating speed of the 
drum 42 (driving motor 43) Is determined by an arithmetic operation such that the outer diameter of the optical fiber 3 
attains a predetermined value which has been set beforehand. 
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[0042] An output signal indicative of the rotating speed of the drum 42 (driving motor 43) determined by the arithmetic 
operation is outputted from the control unit 44 to a driving motor driver (not depicted) , whereby the driving motor driver 
controls the rotational speed of the driving motor 43 according to the output signal from the control unit 44. 
[0043] Thereafter, the optical fiber 3 is coated with a UV resin 52 by a coating die 51 . The coated UV resin 52 is 
5 cured by a UV lamp 32 in the resin curing unit 31 , whereby a coated optical fiber 4 is formed. Subsequently, by way 
of a guide roller 61 . the coated optical fiber 4 is taken up by the drum 42. The drum 42 is supported by a rotary driving 
shaft 45. an end part of which is connected to the driving motor 43. 

[0044] In this embodiment, the coating die 51 and the resin curing unit 31 constitute a resin coating section for coating 
the optical fiber with a resin. Without being restricted to the configuration mentioned above, the resin coating section 
10 may be configured such that the optical fiber is coated with a heat-<;urable resin, which is then cured by the heating 
furnace. 

[0045] As mentioned above, the inert gas supply passage 15 from the inert gas supply unit 14 is connected to the 
muffle tube 1 3 of the drawing furnace 1 1 , whereby an inert gas atmosphere is attained within the muffle tube 1 3 of the 
drawing furnace 11. However, an Ng gas supply unit may be provided as the inert gas supply unit 14, so as to supply 

15 N2 gas into the muffle tube 13 and attain an N2 gas atmosphere. 

[0046] In the case where the drawing rate is slow, e.g. , 1 00 nn/min, the optical fiber 3 may be cooled to about 1 0OO^'C 
within the drawing furnace 11 (muffle tube 13) in an He gas atmosphere. In this case, it is preferred that an gas 
atmosphere be provided within the muffle tube 13 so that the optical fiber 3 attains a temperature of about 1700**C at 
the exit of the drawing furnace 11 (muffle tube 13). Also, an He gas supply unit and an Ng gas supply unit may be 

20 provided, so as to supply He gas or N2 gas into the muffle tube 1 3 according to the drawing rate. In practice, structural 
relaxation is possible by reheating to 1100°C to 1700°C, preferably 1200°C to 1700°C. after cooling. In this case, 
however, a long heater is required to reheat the cooled optical fiber. 

[0047] The above-mentioned method of making an optical fiber Is a method capable of reducing the Rayleigh scat- 
tering loss causing the transmission loss of light in the optical fiber by lowering the fictive temperature Tf within the 
25 optical fiber upon annealing by use of the heating furnace 21 . Further, in this embodiment, the optical fiber preform to 
which this method is applied (or the opttoal fiber obtained from this optical fiber preform) is configured such that the 
viscosity ratio Rt| = y\o/y\t of the core average viscosity tiq to the total average viscosity t\i is set to 2.5 or less (Rt| ^ 
2.5) as mentioned above. 

[0048] When a manufacturing method capable of reducing the Rayleigh scattering loss such as the manufacturing 
30 method having a cooling process shown in Fig. 1 is applied to an optical fiber and optical fiber preform having a con- 
figuration satisfying such a viscosity ratio condition, the transmission loss caused by the Rayleigh scattering loss and 
the like can reliably be reduced as a whole. 

[0049] Namely, the Rayleigh scattering loss with respect to light transmitted through the optical fiber is fully reduced 
(by at least 5%) so as to become 95% or less of a predetennined reference value indicating the Rayleigh scattering 
35 loss in a conventional optical fiber, and the generation and increase of transmission loss components such as the 
structural asymmetry loss other than the Rayleigh scattering loss are suppressed at the same time, whereby an optical 
fiber having a very low transmission loss as a whole can be obtained. 

[0050] The transmission loss reducing effect obtained by employing the core average viscosity t|o, the total average 
viscosity iit, the viscosity ratio Rti =s tio/rit. and the above-mentioned condition of viscosity ratio Rr\ 5 2.5 will now be 
40 explained specifically. 

[0051] First, definitions of the core average viscosity t\q, the total average viscosity tij, and the viscosity ratio Rr\, 
and the like will be explained. Here, as shown in Fig. 2, an optical fiber (or an optical fiber preform) constituted by two 
layers, i.e., a core region 100 and a cladding region 101 provided at the outer periphery thereof, will be considered. 
Also, let ro be the radius of the outer periphery of the core region 100, r^ be the radius of the outer periphery of the 
45 cladding region 101, and r\ be the viscosity coefficient indicative of the viscosity at each position of the cross section. 
[0052] Here, the core average viscosity t]q averaging the viscosity coefficient "n in the cross section within the core 
region 100 is detenmined by the following expression: 

55 where /qtIc/S is the integral of the viscosity coefficient t| with respect to each position within the cross section in the 
range of the cross section of the core region 100 shown in Fig. 2, and iQdS corresponds to the cross-sectional area 
nro^ of the core region 100 as shown in the expression. 

[0053] Similariy, the total average viscosity t|| averaging the viscosity coefficient t\ with respect to the total cross 
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section combining the core region 1 00 and the cladding region 1 01 together is determined by the following expression: 

where IfiydS is the integral of the viscosity coefficient t| with respect to each position within the cross section in the 
10 total range of the cross section of the core region 100 and cladding region 101 shown in Fig. 2, and /^S corresponds 
to the cross-sectional area nr^^ combining the core region 100 and cladding region 101 together as shown in the 
expression. 

[0054] From the core average viscosity iio and total average viscosity tii detemnined as in the foregoing, the viscosity 
ratio Rn is determined as Rn = 'Po^f 

15 [0055] In the case where the cladding region is constituted by a plurality of cladding layers having respective refractive 
indices different from each other, it will be sufficient if the above-mentioned expression (e.g., the integral expression 
of viscosity coefficient -q) is employed while these plurality of cladding layers in total are taken as a cladding region. 
Preferably, the viscosity coefficient at the time of softening is used for the viscosity coefficient t) at each position within 
the optical fiber. Specifically, the viscosity coefficient at a temperature within the range of 1300''C to igoO'C, e.g., at 

20 1900*^0 can be used. 

[0056] The transmission loss reducing effect obtained by employing the condition concerning the viscosity ratio Rti 
^ 2.5 wiil now be explained. 

[0057] As for the viscosity of the core region 1 00 and cladding region 1 01 . in an optical fiber having a pure Si02 
(silica) core and the like, the viscosity t\q of the core region 100 becomes higher than that of the cladding region 101 . 
25 if the viscosity t\q is so high that the viscosity ratio Rq a large value as such, the tension and stress applied to the 
optical fiber during or after drawing and the like will be concentrated into the core region 100. 

[0058] Namely, when an additive such as Ge, CI, or F which modifies the refractive index is added to Si02 glass 
(silica glass), the viscosity coefficient at each position within the optical fiber changes so as to lower its viscosity. 
Specifically, the viscosity coefficient t) changes according to the following expression: 

30 

^09io Tj = 5.6 + 1.58[/=]-0.57[Ge,C/J 

(see "K. Shiraki et al.. Electronics Letters, Vol. 29, No. 14. pp. 1263-1264 (1993)"). 

35 [0059] Here, [F] indicates the amount of addition of F (fluorine) expressed by the value of relative refractive index 
difference (%) with respect to pure SiOg, whereas [Ge, CI] indicates the amount of addition of Ge (germanium) or CI 
(chlorine) similarly expressed by the value of relative refractive index difference (%) with respect to pure Si02. Here, 
it is presumed that the influence of CI on the viscosity coefficient -q is on a par with that of Ge. 
[0060] In view of the refractive Index changes occurring when the individual additives are added to Si02 glass, the 

40 polarities of their amounts of addition expressed In temis of relative refractive Index difference are [F] < 0, and [Ge, 
CI] > 0. Namely, as seen from the above expression, the viscosity coefficient j\ becomes smaller when Ge, CI, F, or 
the like is added to SiOg- Therefore, in an optical fiber having a pure Si02 core or a core doped with a small amount 
of additives, the viscosity of the cladding region 1 01 is lowered by the addition of F and the like, whereby the viscosity 
Tlo in the core region 100 and the viscosity ratio Fh^ become greater values. 

45 [0061] If the viscosity ratio Rt| is large as such, a sufficient transmission loss reducing effect cannot be obtained 
even when the optical fiber is made by a manufacturing method having a Rayleigh scattering loss reducing effect such 
as the manufacturing method shown in Fig. 1 carrying out annealing by use of a heating furnace after drawing or the like. 
[0062] This is assumed to be mainly because of the fact that, while the Rayleigh scattering loss Is reduced by the 
decrease in fictive temperature Tf within the optical fiber and the like, the above-mentioned concentration of stress into 

50 the core region 1 00 enhances other transmission loss components such as structural asymmetry loss, whereby the 
transmission loss as a whole Is not fully reduced or increases. Also, there is a possibility that the effect of reducing the 
Rayleigh scattering loss is not fully obtained due to the stress concentration and the like. 

[0063] When the optical fiber or optical fiber preform is configured so as to satisfy the viscosity ratio condition of Rt| 
^ 2.5, by contrast, the Rayleigh scattering loss in the resulting optical fiber is reliably reduced by at least 5% from a 
55 reference value, so as to yield a value which is 95% or less of the reference value. At the same time, transmission loss 
components such as structural asymmetry loss other than the Rayleigh scattering loss can be restrained from occurring 
and increasing. In view of the foregoing, the transmission loss as a whole can reliably be reduced. 
[0064] In the case where the viscosity ratio Ri^ is small, no lower limit value is necessary from the viewpoint of the 
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concentration of stress into the core. When the amount of addition of Ge or the liice is too large within the core, by 
contrast, the optical fiber becomes inappropriate due to the Increase in transmission loss caused by additives, and the 
like. Therefore, It is prefen-ed that Rrj > 0.07. 

[0065] As an index for evaluating the effect of reducing the Rayleigh scattering loss, a Rayleigh scattering coefficient 
5 A can be used. In general, the transmission loss (dB/km) of the optical fiber at a wavelength X is represented by 
the following expression: 

ax=i.Aa^+ S+ C{X) 

10 

according to the Rayleigh scattering loss and other transmission loss components such as structural asymmetry loss. 
In this expression, the first temn, A/X^ (dB/km). indicates the Rayleigh scattering loss, and its coefficient A is the Rayleigh 
scattering coefficient (dB/km -nm"^). It can be seen from the above-mentioned expression that the Rayleigh scattering 
loss is in proportion to the Rayleigh scattering coefficient A, whereby the Rayleigh scattering loss decreases by 5% If 
15 the Rayleigh scattering coefficient A is reduced by 5% from the reference value. 

[0066] Here, in an optical fiber obtained by a conventional manufacturing method other than the manufacturing meth- 
od reducing the Rayleigh scattering loss by annealing, the value of Rayleigh scattering coefficient A (dB/km -^un*) is 
represented by the following expression: 

AQ^0.Q5 + 0.29[Ge] 

where [Ge] is the amount of addition of Ge to the core region 100 expressed by the value of relative refractive index 
difference (%) with respect to pure Si02. Therefore, this normal value Aq can be taken as a reference value of the 
25 Rayleigh scattering coefficient A. Here, it will be sufficient if the Rayleigh scattering coefficient A in thus obtained optical 
fiber is reduced by at least 5% from the reference value Aq. 

[0067] For evaluating the total transmission loss including the Rayleigh scattering loss, the transmission loss qo 
at a wavelength of 1 .00 ^im may be taken as an index. At a wavelength of 1 .00 jim, B4<;(X) in the above-mentioned 
expression of is substantially 0.01 , whereby the value of transmission loss qo (dB/km) in the optical fiber obtained 
30 by a conventional manufacturing method becomes: 

ctQ = +0.01 
= 0.86 + 0.29[Ge] 

35 

Therefore, this nomial value Oq can be taken as a reference value of the transmission loss a^ oo- Here, it is preferred 
that the transmission loss a^.oo t^"® obtained optical fiber be reduced by at least 5% from the reference value Oq. 
[0068] Thus, when the Rayleigh scattering coefficient A or the transmission loss qo ^ wavelength of 1 .00 p.m Is 

40 used as an index, the effect of reducing the Rayleigh scattering loss or the total transmission loss including the structural 
asymmetry loss and the like can reliably be obtained. Each of the expressions for reference values includes the amount 
of addition of Ge [Ge]. Therefore, transmission loss can be evaluated in response to the amount of Ge added to the core. 
[0069] In view of the above expression, the Rayleigh scattering coefficient A can be determined from data concerning 
the dependence of transmission loss (e.g., the gradient in a 1/X* plot) upon wavelength. Also, the transmission loss 

45 00 21 wavelength of 1 .00 ^m is used as an index for evaluating the transmission loss as a whole because of the 
fact that the value of transmission loss at a wavelength of 1 .00 jim is greater than that in the 1 .55-M.m band used for 
optical transmission or the like and can be evaluated with a sufficient accuracy in a relatively short optical fiber sample 
having a length of about 1 to 1 0 km. 

[0070] In the optical fiber of the present invention, the transmission loss oo ^ wavelength of 1 .00 |im and the 
so transmission loss 55 at a wavelength of 1 .55 ^m correspond to each other with a predetemriined relationship ther- 
ebetween. Therefore, if the reducing effect is evaluated by the transmission loss a, reduction can similarly 
be seen conceming the transmission loss As a specific corresponding relationship, while the transmission loss 
ai .oo at a wavelength of 1 .00 nm is expressed by 

as mentioned above, the transmission loss a^ gg at a wavelength of 1 .55 \im corresponding to this expression is ex- 
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pressed by the following expression: 

«1.55 '=Ax 0.17325 + 0.025 

5 

[0071] In the above-mentioned optical fiber and method of making the same, the viscosity ratio Rt) given by the core 
average viscosity tiq and the total average viscosity Tj^ is under the condition of Rq ^ 2.5. The viscosity ratio Rt| is 
closely related to the tension applied to the core region in the optical fiber at the time of drawing or the tension component 
in the residual stress after drawing. Therefore, the viscosity ratio Rt) can also be evaluated by these kinds of stress or 
10 tension. 

[0072] The residual stress in the optical fiber after drawing is constituted by the tension component caused by the 
tension at the time of drawing and the thermal expansion component caused by themriat expansion. Here, letting az 
be the tension component of the residual stress in the optical axis direction, the tension component az is expressed 
by the following expression: 

15 

20 where f indicates the tension at the time of drawing. 

[0073] On the other hand, from the above-mentioned expressions concerning viscosity, the viscosity ratio Rt\ is: 

Where r^ is the radius of the outer periphery of the cladding region 101 as shown in Fig. 2. From these expressions, 
30 the viscosity ratio Rri is represented with the tension component az by the following expression: 

Rri = cz/(f/lds) 

[0074] IHere, as a typical condition, letting the tension f = 0.1 N (10 gw), and r^ = 62.5 ^m (optical fiber diameter of 
125 urn), a viscosity ratio of R-q = 2,5 substantially corresponds to a tension component of az = 20 MPa. Therefore, in 
40 order to satisfy the viscosity ratio condition of R-q < 2.5, it is preferred that the tension component oz of the residual 
stress in the optical axis direction be 20 IVlPa or less (az ^ 20 MPa). In view of the total residual stress additionally 
including the thermal expansion component, since the thermal expansion component is substantially on the order of 
10 MPa, it is preferred that the residual stress be 30 MPa or less. 

[0075] For measuring the residual stress distribution within the optical fiber, a method using photoelastic computer 
45 tomography and the like have been known (see "T. Abe et at., J. Opt. Soc. Am. A, Vol. 3, No. 1 , pp. 133-138 (1 986)"), 
for example. 

[0076] For the transmission loss reducing effect obtained by the first optical fiber of the present invention and the 
method of making the same, specific examples and a comparative example will be shown. Each of the optical fibers 
in the following examples and comparative example was made by the manufacturing method using the annealing in 
50 the heating furnace shown in Fig. 1 and a conventional manufacturing method without annealing, so as to verify its 
transmission loss reducing effect. The heating condition in the heating furnace for annealing was set to a transit time 
of 3 seconds at 1350°C. 

[0077] Fig. 3 is a chart showing the refractive index profile of the first example of the optical fiber. The optical fiber 
of this example is constituted by a core region 100 including the center axis and a cladding region 101 at the outer 
55 periphery thereof as in Fig. 2. The respective radii and r^ of the individual regions were set such that 2ro = 10 (im 
and 2r^ = 125 (xm. 

[0078] Also, while the cladding region 101 was made of pure Si02. Ge was added to the core region 1 00 such that 
the amount of addition became [Gelo - -1-0.35% in terms of the relative refractive index difference (%) with respect to 
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pure SiOg. 

[0079] Fig. 4 Is a chart showing the refractive index profile of the second example of the optical fiber. The optical 
fiber of this exannple is constituted by a core region 200 including the center axis and two cladding regions 202, 203 
at the outer periphery thereof, whereas the cladding regions 202, 203 form a total cladding region 201 . The respective 

5 radii rQ, rg, and (= ""i) individual regions were set such that 2ro = 1 0 ^im, = 55 ^m, and 2r3 (= 2r^) = 125 \im. 
[0080] Also, CI was added to the core region 200 such that the amount of addition became [CI]q = +0.08% in terms 
of the relative refractive index difference (%) with respect to- pure SIO2. On the other hand, F was added to the two 
cladding regions 202, 203 such that the respective amounts of addition became [F]2 = -0.28% and [f]^ = -0.20% in 
terms of the relative refractive index difference (%) with respect to pure Si02. 

10 [0081] Further, as the third example of the optical fiber, an optical fiber having a configuration similar to that of the 
second example was made while the heating condition in the heating fumace for annealing was set to a transit time 
of 3 seconds at 1100'*C. 

[0082] Fig. 5 Is a chart showing the refractive index profile of the comparative example of the optical fiber. The optica! 
fiber of the comparative example is constituted by a core region 300 including the center axis and a cladding region 
15 301 at the outer periphery thereof. The respective radii ro and r^ of the individual regions were set such that 2ro =10 
\im and 2r^ = 1 25 ^m. 

[0083] Also, CI was added to the core region 300 such that the amount of addition became [C\]q = +0.08% in terms 
of the relative refractive index difference (%) with respect to pure SiOs- On the other hand, F was added to the cladding 
region 301 such that the amount of addition became [F]i = -0.35% in terms of the relative refractive index difference (%). 
20 [0084] Table 1 shows the results of detemnination of viscosity ratio Rr^, transmission loss 55 (dB/km). 00 (dB/ 
km), and Rayleigh scattering coefficient A (dB/km-^m^) concerning the foregoing first, second, and third examples and 
comparative example. 



TABLE 1 



2$ 



30 





Viscosity Ratio Rt) 


No Annealing 


Annealed 




A 


^1.00 


«1.55 


A 


«1.00 


Example 1 


0.63 


0.190 


0.95 


0.96 


0.180 


0.89 


0.90 


Example 2 


1.90 


0.170 


0.85 


0.86 


0.161 


0.80 - 0.79 


0.81 - 0.80 


Example 3 


1.90 


0.170 


0.85 


0.86 


0.164 


0.81 


0.82 


Comparative Example 


3.20 


0.170 


0.85 


0.86 


0.170 


0.80 - 0.79 


0.82-0.81 


(unit: Oi 00. cti.55 = dB/km ; A = dB/km-^m*) 



[0085] According to these results, the respective optical fibers of the examples yielded values of viscosity ratio fir\ 
of 0.63 and 1 .90, thus satisfying the condition of Rri < 2.5. By contrast, the value of viscosity ratio Rr^ in the comparative 
example was 3.20, thus exceeding 2.5. 

[0086] Referring to the graph of residual stress shown in Fig. 6 concerning the first and second examples and the 
comparative example, each example exhibits a relatively small residual stress. In the comparative example yielding a 
relatively large viscosity ratio R11 of 3.20, by contrast, a very large residual stress is seen to occur as the tension 

increases. 

[0087] When the transmission loss 55, Rayleigh scattering coefficient A, and transmission loss qq obtained in 
the case where annealing is carried out in the heating fumace after drawing are compared with those in the case 
without annealing in each of the optical fibers having such viscosity ratio values, it is seen that the first, second, and 
third examples satisfying the condition of viscosity ratio Rt| ^ 2.5 yield sufficiently better effects of reducing the Rayleigh 
scattering coefficient A and transmission losses a-, 55, 00 ''^ ^^^^ ^'^^ annealing than in the case without anneal- 
ing. 

[0088] In the comparative example whose viscosity ratio Rt\ > 2.5, by contrast, It is seen that, while an effect of 
reducing the Rayleigh scattering coefficient A is obtained in the case with annealing as in the examples, effects of 
reducing the total transmission losses 55, 00 ^""y obtained due to the increase in structural asymmetry 

loss caused by a greater viscosity ratio and the like. 

[0089] In view of the foregoing, while using a manufacturing method having an effect of reducing the Rayleigh scat- 
tering loss such as a manufacturing method by use of annealing, the viscosity ratio of the optical fiber or optical fiber 
prefomi is under the condition of Rn < 2.5, thus realizing an optical fiber which can reliably reduce the transmission 
loss as a whole by securely reducing the Rayleigh scattering loss by at least 5%, so that it becomes 95% or less of a 
normal reference value, and preventing transmission loss components such as the structural asymmetry loss other 
than the Rayleigh scattering loss from occurring and increasing; and a method of making the same. 
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[0090] A second optical fiber in accordance with the present invention and a nnethod of making the same will now 
be explained. 

[0091] Here, in the following, the relative refractive index difference indicating the value of refractive index In each 
part is defined as the relative refractive index difference, expressed in terms of %. from the refractive index of pure 

s SiOz (pure silica) taken as a reference (relative refractive index difference = 0). The respective average relative refrac- 
tive index differences in the individual regions and layers are defined by average values obtained after weighting the 
relative refractive index differences within the regions (within the layers) according to their areas. 
[0092] First, the method of making an optical fiber will be explained. The method of making the second optical fiber 
in accordance with the present invention Is substantially the same as the first manufacturing method mentioned above. 

10 As the drawing apparatus for making the optical fiber, the drawing apparatus configured as shown in Fig. 1 is used. 
[0093] IHowever, the optical fiber preform 2 supplied from a preform supply apparatus is prepared so as to satisfy a 
predetermined condition concerning the configuration thereof constituted by a core region and a cladding region dis- 
posed at the outer periphery of the core region. Namely, the optical fiber preform 2 is prepared such that the core region 
is made of a pure Si02 core or a CI (chlorine) doped Si02 core which can be handled similarly to pure St02. whereas 

15 the cladding region is doped with F (fluorine) such that its average relative refractive index difference An^ satisfies the 
condition of 

Aaj^^ -0.26%. 

[0094] The above-mentioned method of making an optical fiber Is a manufacturing method which can reduce the 
Rayieigh scattering loss, which may cause transmission loss of light in the optical fiber, by lowering the fictive temper- 
^ ature Tf within the optical fiber upon annealing by use of the heating fumace 21 . Further, as mentioned above, the 
optical fiber prefomn to which this manufacturing method is applied (or the optical fiber obtained from this optical fiber 
prefomn) is configured such that the core region is made of pure Si02 or Cl-doped Si02, whereas the cladding region 
is doped with F such that its average relative refractive index difference An^ satisfies the condition of An^ ^ -0.26% in 
this embodiment. 

25 [0095] When a manufacturing method capable of reducing the Rayieigh scattering loss such as the manufacturing 
method shown in Fig. 1 having an annealing process Is applied to the optical fiber and optical fiber preform having a 
configuration satisfying such a condition, the transmission loss caused by the Rayieigh scattering loss and the like can 
securely be reduced as a whole. 

[0096] Even when a manufacturing method having an effect of reducing the Rayieigh scattering loss is employed as 

30 such, the total transmission loss is not always reduced. This is presumed to be because of the fact that, while the 
Rayieigh scattering loss is reduced, othertransmission loss components such as the structural asymmetry toss increase 
due to excessive stress concentration into the core, whereby the effect of reducing the transmission loss cannot be 
obtained as a whole. When the structural asymmetry loss and the like are to be restrained from occurring, on the other 
hand, the effect of reducing the Rayieigh scattering loss cannot fully be obtained. 

35 [0097] In general, as for the tension applied to the optical fiber when drawing the optical fiber preform 2 upon heating, 
a lower tension reduces the Rayieigh scattering loss but increases the structural asymmetry loss. At a higher tension, 
by contrast, the Rayieigh scattering loss increases due to the influence over the binding of SiO^ and the like. 
[0098] When the optical fiber preform and optical fiber configured as mentioned above are employed, by contrast, 
an upper limit for favorably dispersing the stress Into the cladding region is given with respect to the amount of addition 

40 of F to the cladding region, whereby the stress concentration into the pure SiOg core in the optical fiber having this 
core can be suppressed, so as to reduce the dependence of transmission loss upon tension in the resulting optical 
fiber. As a consequence, not only the Rayieigh scattering loss but also transmission loss components such as the 
structural asymmetry loss other than the Rayieigh scattering loss can be reduced at the same time. Therefore, such 
a configuration of the optical fiber makes it possible to realize an optical fiber which can reliably reduce the transmission 

45 loss as a whole. 

[0099] Specifically, the Rayieigh scattering coefficient A can fall within the range not higher than 0.81 dB/km*p.m^, 
whteh is lower by at least about 5% than a reference value of 0.85 dB/km-p.m^ in the optical fiber having a conventional 
pure SiOg core (or a Cl-doped Si02 core similar to the pure Si02 core) . Also, the transmission loss qq at a wavelength 
of 1 .00 pjn can fall within the range not higher than 0.82 dB/km, which is lower by at least about 5% than a similar 

50 reference value of 0.86 dB/km. 

[01 00] As for the tension at the time of drawing in the drawing fumace 1 1 in the above-mentioned method of making 
the optical fiber, it Is preferred that the tension be controlled so as to fall within a pennissible preferred tension value 
range in order to suppress the Increase In transmission loss and the like caused by excessive changes In tension. In 
a preferred tension value range, the tension is from 0.05 to 0.20 N (5 to 20 gw). 

55 [01 01 ] The configuration of the optical fiber will now be explained. Fig. 7 is a chart showing the refractive index profile 
of a first embodiment of the second optical fiber in accordance with the present invention. 

[0102] This optical fiber is an optical fiber of Si02 glass (silica glass) type; and comprises a core region 600 including 
the center axis of the optical fiber, and a cladding region 700 provided at the outer periphery of the core region 600. 
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[0103] The core region 600 is formed such that the outer periphery thereof has a radius of Cq. In the core region 600. 
pure Si02 glass is doped with a predetemiined annount of CI (chlorine) as an additive for enhancing the refractive index. 
Consequently, the average relative refractive index difference within the core region 600 is Ang (where Ano > 0). 
[01 04] On the other hand, the cladding region 700 in this embodiment comprises two layers of cladding, I.e., an inner 
5 cladding layer 701 provided at the outer periphery of the core region 600 and an outer cladding layer 702 further 
provided at the outer periphery of the inner cladding layer 701 . 

[0105] The inner cladding layer 701 is fomned such that the outer periphery thereof has a radius of r^. In the inner 
cladding layer 701, pure StOg glass is doped with a predetennined amount of F (fluorine) as an additive for lowering 
the refractive index. Consequently, the average relative refractive Index difference within the inner cladding layer 701 
10 is An^ (where An^ < 0). 

[0106] The outer cladding layer 702 is fonned such that the outer periphery thereof has a radius of rg. In the outer 
cladding layer 702, pure SiOg glass is doped with a predetennined amount of F (fluorine). Consequently, the average 
relative refractive index difference within the outer cladding layer 702 is An2 (where Ang < 0). Here, the average amount 
of addition of F in the outer cladding layer 702 is smaller than that of F in the inner cladding layer 701 , whereby the 

IS average relative refractive index differences of the cladding regions 701 and 702 have a relationship of 0 > An2 > An^. 
[01 07] Also, in the cladding region 700 combining the inner cladding layer 701 having the average relative refractive 
index difference An^ and the outer cladding layer 702 having the average relative refractive index difference Ang to- 
gether, its total average relative refractive index difference An^ is a value satisfying the above-mentioned condition of 
Arte ^-0.26% (where 0 > Ang > An^. > An^). 

20 [0108] The core region 600 of this optical fiber is made of a Cl-doped SiOg core. Though slightly lowered by the 
addition of CI, the viscosity of the core region 600 is higher than that of the cladding region 700 due to the doping 
amount and the like. On the other hand, the amount of F added to the cladding region 700 is set to an amount not 
higher than the upper limit of the amount at which An^. = -0.26% (corresponding to the condition of An^ s -0.28%), 
whereby the stress applied to the inside of the optical fiber is favorably dispersed into the cladding region 700, so as 

25 to suppress the stress concentration into the core. 

[0109] Since the stress is thus restrained from being concentrated into the core, the dependence of transmission 
loss upon the tension applied to the optical fiber at the time of drawing is reduced, which realizes an optical fiber whose 
transmission loss is fully reduced as a whole. 

[0110] Also, the optical fiber in accordance with this embodiment has two layers of cladding, I.e., the inner cladding 
30 layer 701 with a greater amount of F added thereto (yielding a smaller relative refractive index difference) and the outer 
cladding layer 702 with a smaller amount of F added thereto (yielding a greater relative refractive index difference), 
thereby constituting the cladding region 700. 

[0111] In the cladding region 700 having such a two-layer structure, the inner cladding layer 701 positioned at the 
outer periphery of the core region 600 can efficiently confine the transmitted light into the core region 600 and Its vicinity. 

3s On the other hand, the outer cladding layer 702 has an effect of adjusting transmission characteristics of the optical 
fiber, an effect of reducing the concentration of stress into the core, and the like. When the above-mentioned condition 
is applied to the average relative refractive index difference of the cladding region 700 as a whole combining the 
cladding layers 701 , 702 together, the stress concentration into the core region 600 can reliably be suppressed. 
[01 12] As for the average relative refractive index differences An^, Ang in the cladding layers 701 , 702, due to their 

40 relationship in magnitude, the average relative refractive index difference An^ in the outer cladding layer 702 satisfies 
the condition of 

A/ig > -0.26%. 

[01 1 3] Preferably, in order to fully secure the effect of confining light into the core region 600 and the like, CI is added 

to the core region 600 such that the average relative refractive index difference therein falls within the range of 0.01% 
^ < Ano < 0.12%. Since the CI doping does not affect the transmission loss and the like greatly, the resulting core can 

be handled as with the pure Si02 core. It is also effective in lowering the viscosity of the core region 600. The refractive 

index distribution in the core region 600 can be either substantially constant or graded therewithin. 

[0114] Fig. 8 Is a chart showing the refractive index profile of a second embodiment of the second optical fiber in 

accordance with the present Invention. 
so [01 15] As in the first embodiment, this optical fiber is an optical fiber of SiOg glass (silica glass) type; andcomprises 

a core region 600 including the center axis of the optk^al fiber, and a cladding region 700 provided at the outer periphery 

of the core region 600. 

[01 1 6] The configurations of the core region 600 and cladding region 700 are substantially the same as those of the 
optical fiber shown in Fig. 7, but differ therefrom In the configuration of the outer cladding layer 702 of the cladding 
ss region 700. Namely, in this embodiment, the outer cladding layer 702 is not doped with F (fluorine), whereby it is made 
of pure Si02. Therefore, the average relative refractive index differences of the cladding regions 701 and 702 have a 
relationship of 0 = Ang > An^. 

[0117] The average relative refractive index difference An^ of the whole cladding region 700 combining the inner 
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cladding layer 701 with the average relative refractive index difference An^ and the outer cladding layer 702 with the 
average relative refractive index difference Ang = 0 is a value satisfying the above-mentioned condition of An^S-0.26% 

(where 0 = Ano > An^ > An^). . 
[01 1 8] In the optical fiber of this embodiment, as in the first embodiment, the stress applied to the inside of the optical 

5 fiber is favorably dispersed into the cladding region 700. whereby the stress concentration into the core is suppressed. 
As a consequence, the dependence of transmission loss upon the tension applied to the optical fiber at the time of 
drawing is reduced, which realizes an optical fiber whose transmission loss is fully reduced as a whole. 
[01 19] When the outer cladding layer 702 is made of pure SiOg as in this embodiment, it Is preferred that the radius 
n of the inner periphery of the outer cladding layer 702 (= the radius of the outer periphery of the Inner cladding layer 

10 701 ) and the radius rg of the outer periphery of the outer cladding layer 702 satisfy the relationship of 

To - fi S X 0 3 Since it prevents light from leaking when the optical fiber is bent, and so forth. This condition 
corresponds to the state where the thiclcness of the outer cladding layer 702 is 30% or less of the whole optical fiber. 
This can yield a sufficient effect of suppressing the stress concentration into the core, and make the influence of the 
outer cladding layer over transmission characteristics fall within a preferred range. 

15 [01201 Fig. 9 is a chart showing the refractive index profile of a third embodiment of the second optical fiber in ac- 
cordance with the present invention, . ^.^ . , .,• i x .. 

[01211 As in the first and second embodiments, this optical fiber Is an optical fiber of S1O2 glass (sihca glass) type, 
and comprises a core region 600 including the center axis of the optical fiber, and a cladding region 700 provided at 
the outer periphery of the core region 600. Here, the configuration of the core region 600 is substantially the same as 

20 that of the core regions 600 of the optical fibers shown in Figs. 7 and 8. 

T01221 On the other hand, the cladding region 700 in this embodiment has a single cladding layer 701 . The cladding 
layer 701 is formed such that the outer periphery thereof has a radius of r^. In the cladding layer 701 . pure SiOg glass 
is doped with a predetermined amount of F (fluorine) as an additive for lowering the refractive index. As a consequence, 
the average relative refractive index difference in the cladding layer 701 is An^ (where An, < 0). 

25 [01231 The average relative refractive index difference An^ of the cladding layer 701 corresponds to the average 
relative refractive index difference of the cladding region 700 as a whole, whereby the average relative refractive index 
difference An- = An, is a value satisfying the above-mentioned condition of An^ >-0.26%. 

[01241 Thus the stress applied to the inside of the optical fiber is favorably dispersed into the cladding region 700 
not only in the configurations having a cladding region with a two-layer structure shown in the first and second embod- 

30 iments but also In those having a cladding region of a one-layer structure such as that of this embodiment and the 
like whereby the stress concentration into the core is suppressed. As a consequence, the dependence of transmission 
loss upon the tension applied to the optical fiber at the time of drawing is reduced, which realizes an optical fiber whose 
transmission loss is fully reduced as a whole. . . *t ^ 

[0125] For the transmission loss reducing effect obtained by the second optical fiber of the present invention and 

35 the method of making the same, specific examples and comparative examples will be shown. Each of the optical fibers 
In the following examples and comparative examples except for the second comparative example was made by the 
manufacturing method using the annealing in the heating furnace shown in Fig. 1 . The heating condition in the heating 
furnace for annealing was set such that the heating fumace had a center temperature of 1350<»C. a '^ngth of 1 5 m at 
a linear velocity of 50 m/min. and a transit time of 1 .8 seconds. The tension at the time of drawing was 0.10 N (10 gw) 

^ [0^2S] ^ Th^ optical fiber to become the first example was prepared according to the refractive index profile shown in 
Fig 7 The individual radii rQ, r,. and were set such that 2ro = 10 jim, 2r, = 55 iim, and 2r2 = 125 ^m. 
[0127] As for the refractive indices in the individual regions, the core region 600 was doped with CI such that its 
average relative refractive index difference Ano = +0.08%. On the other hand, the inner cladding layer 701 of the 

45 cladding region 700 was doped with F such that Its relative refractive index difference An, = -0.28%. Also, the outer 
cladding layer 702 was doped with F such that its relative refractive index difference Ang = -0.20%. Here, the cladding 
reqion 700 as a whole exhibited an average relative refractive index difference of An^ = -0.21 5%. 
[01 28] The optical fiber to become the second example was prepared according to the refractive index profile shown 
in Fig. 8. The individual radii ro. r,. and were set such that 2ro = 10 nm. 2r, = 1 00 nm, and 2r2 = 125 ^m. Here, the 

50 outer cladding layer 702 had a thickness of 



- r, = X 0.2 < fa X 



0.3 , 



55 [01291 As for the refractive indices in the individual regions, the core region 600 was doped with CI such that its 
average relative refractive index difference Ano = +0.08%. On the other hand, the Inner cladding layer 701 of the 
cladding reqion 700 was doped with F such that its average relative refractive index difference An, = -0.28%. The outer 
cladding layer 702 was not doped with F. so as to be made of pure SlOg. whereby its average relative refractive index 
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difference An2 = 0.00%. Here, the cladding region 700 as a whole exhibited an average relative refractive index differ- 
ence of = -0. 1 78%. 

[0130] The optical fiber to become the third example was prepared according to the refractive Index profile shown 
in Fig. 9. The Individual radii Tq and r^ were set such that 2ro = 10 p.m and 2r^ = 125 \im. 

5 [0131] As for the refractive indices in the individual regions, the core region 600 was doped with CI such that its 
average relative refractive index difference Ang = +0.08%. On the other hand, the cladding layer 701 of the cladding 
region 700 was doped with F such that Its average relative refractive index difference An^. = An^ -0.26%. 
[0132] Further, as the fourth example of the optical fiber, an optical fiber having the same configuration as that of 
the first example was made while the heating condition In the heating furnace for annealing was set to a transit time 

10 of 1 .8 seconds at 1 1 00° C. 

[0133] For comparison with the foregoing first to fourth examples, optical fibers not satisfying the configurations 
mentioned above were made as first and second comparative examples. 

[0134] The optical fiber to become the first comparative example was made with a configuration substantially the 
same as that of the third example according to the refractive index profile shown in Fig. 9. However, the cladding layer 
IS 701 of the cladding region 700 Is doped with F such that its average relative refractive index difference An^. = An^ = 
-0.35% (< -0.26%). 

[0135] The optical fiber to become the second comparative example was made with the same configuration as that 
of the above-mentioned first comparative example. However, in the drawing step thereof, the optical fiber was drawn 
without annealing in the heating furnace. 
20 [0138] Table 2 shows the results of detenmi nation of the average relative refractive index differenceAnj. of the cladding 
region 700, Rayleigh scattering coefficient A, structural asymmetry loss B (see the above-mentioned expression of 
transmission loss a;^), the transmission loss qo ^ wavelength of 1 .00 |xm, and the transmission loss 55 at a 
wavelength of 1 .55 p.m. Here, the transmission losses a-i qq and 55 are 

^1.00 ^ B , 




and 

30 



55 = 0.17325 X A■^-B + Q.0^6, 



respectively. 

35 TABLE 2 



40 





Anc 


A 


B 


<*1.00 


cti.55 


Example 1 


-0.215 


0.790 


0.008 


0.798 


0.159 


Example 2 


-0.178 


0.800 


0.008 


0.808 


0.161 


Example 3 


- 0.260 


0.780 


0.011 


0.791 


0.162 


Example 4 


-0.215 


0.810 


0.010 


0.820 


0.164 


Comparative Example 1 


- 0.350 


0.800 


0.015 


0,815 


0.169 


Comparative Example 2 


- 0.350 


0.850 


0.008 


0.858 


0.170 


(unit : avoo. oti.55. B = dB/km ; / 


\ = dB/km-jim*) 



[01 37] First, as for the average relative refractive index difference An^ in each optical fiber, the first to fourth examples 
satisfy the condition of An^ ^ -0.26% , whereas A/J^ <-0.26% in the first and second comparative examples due to the 
doping of F exceeding the upper limit. 

[01 38] Next, as for the Rayleigh scattering coefficient A, structural asymmetry toss B, and transmission losses at 00 
and 0^.55, the value of Rayleigh scattering coefficient A in the second comparative example made with the conventional 
structure without annealing is 0.850 dB/km-pjrr*, which is identical to the above-mentioned reference value. The value 
of structural asymmetry loss B is 0.008 dB/km, and the total transmission loss 00 0.868 dB/km, which substantially 
equals the above-mentioned reference value. The transmission loss 55 is 0.170 dB/km. 

[01 39] In the first comparative example manufactured with the conventional structure with annealing, while the value 
of Rayleigh scattering coefficient A Is reduced to 0.800 dB/km-^m^, the structural asymmetry loss B Increases to 0.01 5 
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dB/km upon annealing, whereby the transmission loss as a whole is 0.169 dB/km and thus is not sufficiently 
reduced. 

[0140] In each of the first to fourth examples, by contrast, both of the Rayleigh scattering coefficient A and structural 
asymmetry loss Bare reduced, whereby the transmission losses a^ QO «i.55 a*"® sufficiently reduced as a whole. 
5 [01 41 ] Namely, in the first example having a cladding region of a two-layer structure, the Rayleigh scattering coeffi- 
cient A is reduced to 0.790 dB/km ^im^, and the structural asymmetry loss B is prevented from increasing and becomes 
0.008 dB/km at the same time. The total transmission losses oo ^i.55 0-798 dB/km and 0.159 dB/km, re- 
spectively, thus being reduced sufficiently. 

[0142] Also, as in the first example, the transmission loss is sufficiently reduced as a whole in the second example 
10 having a two-layer structure whose outer cladding layer is made of pure SiOg and the third example having a one-layer 
structure. Further, as in the first example, the transmission loss is fully reduced as a whole in the fourth example in 
whteh the heating condition is altered. 

[01 43] In view of the foregoing, while using a manufacturing method having an effect of reducing the Rayleigh scat- 
tering loss such as a manufacturing method by use of annealing, conceming the configuration of the core and cladding 

15 regions of an optical fiber or optical fiber preform, the core region is made of a pure SiOg core or a Cl-doped SiOg core 
similar thereto, and the cladding region has a configuration doped with F so as to satisfy the condition of An^S -0.26%, 
thus realizing an optical fiber which can reliably reduce the transmission loss as a whole by securely reducing the 
Rayleigh scattering loss, and preventing transmission loss components such as the structural asymmetry loss other 
than the Rayleigh scattering loss from occurring and increasing; and a method of making the same. 

20 [0144] In the first example having a two-layer structure, the average relative refractive index difference of the outer 
cladding layer 702 is Ang = -0.20%. This average relative refractive index difference can be made greater. Since the 
radius of the inner periphery of the outer cladding layer 702 is relatively small such that 2r, = 55 ^m. the upper limit in 
this example is assumed to be Ang = -0.1% or so. If a value greater than that is to be taken, it will be preferred that the 
thickness of the outer cladding layer be made smaller as in the second example. 

25 [0145] When the dependence of the transmission loss ss ^ wavelength of 1 .55 jim on tension was studied in 
the first example, ft was 0.175 dB/km, 0.170 dB/km, 0.163 dB/km. 0.159 dB/km, 0.164 dB/km. 0.170 dB/km. and 0.175 
dB/km at tensioris of 0.04 N, 0.05 N, 0.08 N. 0.10 N. 0.16 N, 0.20 N. and 0.25 N, respectively. From these results, a 
prefen^ed tension value range concerning the tension at the time of drawing is considered to be the range of 0.05 to 
0.20 N. 

30 [01 46] The optical fiber in accordance with the present invention and the method of making the same are not restricted 
to the above-mentioned embodiments and examples, but various modifications and configurational changes are pos- 
sible. For example, the method of making the optical fiber is not limited to the manufacturing method by use of the 
drawing apparatus having the configuration shown in Fig. 1 . but any drawing apparatus comprising other configurations 
may be used as long as it is equipped with a heating fumace for annealing. Also, manufacturing methods reducing the 

35 Rayleigh scattering loss by techniques other than annealing may be used. 

[01 47] The configuration of the optical fiber or optical fiber preform can be modified in various manners. For the first 
optical fiber, not only those of the examples shown in Figs. 3 and 4, but also optical fibers having various structures 
may be used as long as they satisfy the viscosity ratio condition of Rti ^ 2.5. For example, each of dispersion-com- 
pensating fibers and dispersion -shifted fibers nonnally has a low viscosity ratio Rn of 2.5 or less, thereby being able 

40 to yield an effect of reducing the transmission loss as in the above-mentioned examples. 

[0148] For the second optical fiber, not only the embodiments shown in Figs. 7 to 9, but also optical fibers having 
various structures may be used as long as they satisfy the above-mentioned configurational condition concerning the 
configuration of the cladding region, for example. Though the core region has a configuration doped with CI in Figs. 7 
to 9, ft may be a core made of pure Si02. 

45 [0149] As explained in detail in the foregoing, the optical fiber in accordance with the present invention and the 
method of making the same yield effects as follows. Namely, in the optical fiber and its manufacturing method using a 
configuration of the optical fiber or a manufacturing method which can reduce the Rayleigh scattering loss and causing 
the viscosity ratio Rti = tiq/ti, between the core average viscosity i\q and the total average viscosity ii, to become 2.5 
or less, the Rayleigh scattering loss can reliably be reduced by at least 5%, so as to become 95% or less of a reference 

50 value and. at the same time, other transmission loss components such as the structural asymmetiy loss are restrained 
from occumng and Increasing. Therefore, an optical fiber whose transmission loss as a whole is fully reduced is ob- 
tained. 

[0150] Also. In the optical fiber and its manufacturing method using a configuration of the optical fiber or a manufac- 
turing method which can reduce the Rayleigh scattering loss, making the core region from pure SiOg or Cl-doped SiOg, 
55 and doping the cladding region with F (fluorine) with an amount in a range satisfying An^ S -0.26%. the Rayleigh 
scattering loss Is reliably reduced and, at the same time, other transmission loss components such as the stmctural 
asymmetry loss are restrained from occurring and increasing, whereby an optical fiber which can reliably reduce the 
transmission loss as a whole, and a method of making the same are realized. 
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[01 51] The optical fiber obtained according to the above-nnentioned configuration and manufacturing method has a 
very low transmission loss, so that, when employed in a long-distance optical transmission system, it can construct an 
efficient optical transmission system which can reduce the number of relay points In which optical amplifiers and the 
like are installed, for example. 

[0152] From the invention thus described, it will be obvious that the embodiments of the invention may be varied in 
many ways. Such variations are not to be regarded as a departure from the scope of the invention 



1 . An optical fiber comprising a core region, and a cladding region disposed at an outer periphery of said core region; 

wherein the core average viscosity t|o at a cross section within said core region and the total average viscosity 
Tit ^ ^^^^^ cross section combining said core region and cladding region together have a viscosity ratio Rtj = 
•Ht of 2.5 or less; and wherein said optical fiber has a Rayleigh scattering loss which is 95% or less of a predetemnined 
reference value. 

2, An optical fiber according to claim 1 , wherein said viscosity ratio Rr\ is detemiined by the relational expression of 



where oz is the tension component of a residual stress in an optical axis direction, f Is the tension at the time of 
drawing, and r^ Is the radius of the outer periphery of said cladding region. 

3. An optical fiber according to claim 1 or 2, wherein, while a Rayleigh scattering coefficient A (dB/km • \vm^) is used 
as an index for said Rayleigh scattering loss, said Rayleigh scattering coefficient A is not greater than 95% of a 
reference value A^ expressed by 



where [Ge] is the amount of addition of Ge to said core region expressed by the relative refractive index difference 
with respect to pure Si02 in temis of %. 

4. An optical fiber according to any one of claims 1 to 3, wherein a transmission loss oo (dB/km) at a wavelength 
of 1 .00 \Lm is not greater than 95% of a reference value otQ expressed by 



where [Ge] is the amount of addition of Ge to said core region expressed by the relative refractive index difference 
with respect to pure Si02 in tenms of %, 

5. An optical fiber according to any one of the preceding claims, wherein the tension component of a residual stress 
in an optical axis direction is 20 MPa or less, or said residual stress combining said tension component and a 
thermal expansion component is 30 MPa or less. 

6. An optical fiber according to any one of the preceding claims, comprising said core region constituted by pure Si02 
or Si02 doped with chlorine, and said cladding region disposed at an outer periphery of said core region; 

wherein said cladding region is doped with fluorine so as to yield an average relative refractive index difference 
An^. satisfying the condition of 



when the relative refractive index difference in each part is defined as being expressed in terms of % with 



Claims 




Aq = 0.85 + 0.29[Ge] 



Oq = 0.86 + 0.29[Ge] 



An^ ^ -0.26% 
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reference to the refractive Index In pure SIO2; and 

wherein said optical fiber exhibits a Rayleigh scattering coefficient A of 0.81 dB/km-^m* or less, or a trans- 
mission loss a^oo 0*^2 dB/km or less at a wavelength of 1 .00 ^m. 

5 7. An optical fiber according to claim 6, wherein said cladding region comprises two layers of cladding constituted 
by an inner cladding layer disposed at an outer periphery of said core region and an outer cladding layer disposed 
at an outer periphery of said Inner cladding layer; and 

wherein said outer cladding layer has an average relative refractive index difference An2 greater than the 
average relative refractive index difference An^ in said inner cladding layer and satisfies the condition of 

10 Ang S -0.26%. 

8. An optical fiber according to claim 7, wherein said outer cladding layer Is made of pure SIO^; and 

wherein said outer cladding layer has a radius r^ of an inner periphery and a radius rg of an outer periphery 
satisfying the condition of 
15 - r, S X 0.3 . 

9. An optical fiber according to claim 6, wherein said core region is doped with chlorine so as to yield an average 
relative refractive index difference Ang satisfying the condition of 

0.01% ^An^S 0.12%. 



20 



30 



10. A method of making an optical fiber, said method comprising the steps of: 



preparing an optical fiber preform comprising a core region and a cladding region provided at an outer periphery 
of said core region, in which the core average viscosity t|o at a cross section within said core region and the 
25 total average viscosity ^\^ at a total cross section combining said core region and cladding region together have 

a viscosity ratio Rr^ = y\(/r\i of 2.5 or less; 
drawing said optical fiber preform upon heating; and 

heating an optical fiber drawn out of a drawing fumace by use of a heating furnace disposed downstream said 
drawing furnace such that said optteal fiber attains a temperature within a predetemnlned temperature range. 



11. A method of making an optical fiber according to claim 10, said method comprising the steps of: 



preparing said optical fiber prefomri comprising said core region constituted by pure Si02 or SiOg doped with 
chlorine, and said cladding region provided at an outer periphery of said core region, wherein said cladding 
35 region Is doped with fluorine so as to yield an average relative refractive index difference An^ satisfying the 

condition of 

An^ ^ -0.26% when the relative refractive index difference in each part is defined as being expressed in 
tenms of % with reference to the refractive index in pure SiOg; 
drawing said optical fiber preform upon heating; and 
40 heating an optical fiber drawn out of a drawing fumace by use of a heating furnace disposed downstream said 

drawing furnace such that said optical fiber attains a temperature within a predetemnined temperature range, 
so as to yield an optical fiber exhibiting a Rayleigh scattering coefficient A of 0.81 dB/km-jtm^ or less, or a 
transmission loss a^ QQ of 0.82 dB/km or less at a wavelength of 1 .00 ^m. 

45 12. A method of making an optteal fiber according to claim 10 or 11, wherein said heating fumace heats said drawn 
optical fiber such that said optical fiber attains a temperature within the range of 1100*»C to 1 700*'C. 

13. A method of making an optical fiber according to claim 10, said method comprising the steps of: 

so preparing said optical fiber prefomn comprising said core region constituted by pure SiOg or SiOg doped with 

chlorine, and said cladding region provided at an outer periphery of said core region, wherein said cladding 
region is doped with fluorine so as to yield an average relative refractive Index difference An^ satisfying the 
condition of 

An^^ -0.26% when the relative refractive index difference in each part is defined as being expressed in 
55 terms of % with reference to the refractive index in pure SiOg; and 

when drawing said optical fiber preform upon heating, drawing said optical fiber preform at a tension within 
the range of 0.05 to 0.20 N, so as to yield an optk:al fiber exhibiting a Rayleigh scattering coefficient A of 0.81 
dB/km-(im^ or less, or a transmission loss a^ oo of 0.82 dB/km or less at a wavelength of 1 .00 ^m. 
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Fig. 7 
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Fig. 9 
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